This study investigates the correlation between the microstructure and the corrosion resistance properties of the fusion zone of Alloy 690-SUS 304L stainless steel dissimilar weldments formed by electron beam welding (EBW). The effects of the EBW process are evaluated by comparing the microstructure and corrosion resistance properties of the EBW weldment with those of Alloy 690-SUS 304L weldment formed by gas tungsten arc welding (GTAW). The experimental results reveal that the interdendritic region of the fusion zone of the EBW weldment contains fine TiN precipitates and Cr-Ni rich phases. The TiN precipitates are originated from the Alloy 690 base metal, while the Cr-Ni rich phases, a new formation of precipitates, is precipitated in the region around TiN during solidification. Microscopic analysis of the samples following a modified Huey test indicates that the matrix around TiN precipitate and the Cr-Ni rich phase precipitate provide the preferred sites for corrosion pit initiation. Due to the rapid cooling in the EBW process, relatively fewer and smaller TiN precipitates and Cr-Ni rich phases are formed in the weldment. Consequently, only limited corrosive pitting is observed which indicates better interdendritic corrosion resistance properties in comparison to joints with GTAW process. Furthermore, rapid solidification in the fusion zone results not only the suppression of chromium carbide precipitation but also the chromium depletion at the grain boundaries. As a result, the intergranular corrosion resistance and interdendritic corrosion resistance of the EBW weldment are significantly higher than that of the GTAW weldment.
Introduction
Early maintenance records from nuclear power plants reported the occurrence of cracks in components formed by the dissimilar welding of Alloy 600 and SUS 308 stainless steel (SS). Investigations revealed that these cracks were primarily the result of a poor corrosion resistance of the weldment and an improper slot in the weldments. 1) In an attempt to improve the corrosion resistance of these dissimilar weldments, this study replaces the Alloy 600 and SUS 308 SS with higher chromium contained Alloy 690 and lower carbon contained SUS 304L SS, respectively.
The chromium content of Alloy 690 (29 mass-%Cr-59 mass-%Ni-10 mass-%Fe-0.02 mass-%C) is almost twice that of Alloy 600 (16 mass-%Cr-75 mass-%Ni-8 mass-%Fe-0.023 mass-%C) 2, 3) which substantially reduced the tendency of chromium depletion caused by carbide segregation at the grain boundaries and enhanced the corrosion resistance. 4) Previous studies [5] [6] [7] have also indicated that the stress corrosion cracking resistance, intergraular corrosion resistance and the surface corrosion resistance of Alloy 690 are better than that of Alloy 600. Alloy 690 has been widely applied to repair the degraded Alloy 600 components of nuclear power plants. Meanwhile, SUS 304L SS (18 mass-%Cr-8 mass%Ni-72 mass-%Fe-0.013 mass-%C) with extra low carbon content is employed here to replace SUS 308 SS (19 mass%Cr-10 mass-%Ni-70 mass-%Fe-0.08 mass-%C). Lower carbon content reduces the precipitation of carbide in the fusion zone. Such substitution, Alloy 690-SUS 304L is practically superior to the common Alloy 600-SUS 308 concerning to the corrosion resistance.
Furthermore, traditional welding processes such as shielded metal arc welding, gas metal arc welding, or gas tungsten arc welding (GTAW) are used as common welding process in nuclear power plants for components joining. Lee et al. [8] [9] [10] [11] showed that the fusion zones of the weldments formed using these methods had a highly brittle eutectic structure with a low melting point and a low strength. As a result, the fusion zone is prone to hot cracking during solidification. It has been reported that the addition of suitable quantities of niobium and titanium to the filler metal refines the grain size, and hence improves the mechanical strength of the weldment. [12] [13] [14] [15] However, due to the Nb-rich and Ti-rich eutectic-like structure of the fusion zone and the precipitation of chromium carbide at the grain boundaries, the welding process and method mentioned above are not able to prevent hot cracking completely or improve corrosion resistance effectively. In addition, many of the components used in nuclear power plants are fabricated from thick plates, the number of welding passes required to accomplish the joint is often very high. As a result, the weldments are subject to a greater thermal cycling effect, a higher total heat input, and a more extensive heat-affected zone (HAZ). It has been widely reported that these characteristics degrade both the mechanical properties and the corrosion resistance of the weldment. 12, 13) In contrast to the conventional welding processes discussed above, electron beam welding (EBW) is a high energy density beam welding technique, and is therefore capable of welding thick components in a single pass for use in nuclear power plants. EBW has many advantages, including a low total heat input, a high depth-to-width ratio, low distortion, a high welding speed. They all help to reduce the welding stress and suppresses stress corrosion cracking. Therefore, EBW not only has a high welding efficiency, resulting in a shorter welding time, but also enhances the reliability and safety of the welded components of nuclear power plants. It has been widely applied to thick components of nuclear power plants. Consequently, an increasing use in the fabrication of components designed for use in nuclear power plants is high lighted. [16] [17] [18] In this study, EBW is used to fabricate dissimilar butt weldments of Alloy 690 to SUS 304L SS. The microstructure of the fusion zone is investigated and the elemental distribution in precipitates is studied. The corrosion resistance of the weldments is then analyzed by performing a modified Huey test. Correlations among the microstructure of the fusion zone, the distribution of the alloy elements and the corrosion resistance of the weldments are analyzed. Finally, difference between the EBW and GTAW weldment are compared and evaluated.
Materials and Experimental Procedure
The Alloy 690 used in this study was purchased in plate form from Sumitomo Metal Technology, Japan. Prior to delivery, the material was solution heat treated at 1050 C for 5 minutes and then quenched in water. Meanwhile, the asreceived SUS 304L SS was heat treated in vacuum conditions at 1050 C for 80 minutes and was then allowed to cool in nitrogen gas. The elemental compositions of the two base metals are summarized in Table 1 . The two base metals were machined into plate specimens measuring 100 Â 70 Â 3 mm. Dissimilar weldments of Alloy 690 and SUS 304L SS were then fabricated using the EBW process. The welding operation of the EBW process was performed in a vacuum atmosphere using the parameters indicated in Table 2 and was conducted without using filler metals. To evaluate the effects of the EBW process on the corrosion resistance of the fusion zone, dissimilar weldments of Alloy 690 and SUS 304L SS were fabricated using the conventional GTAW process with Inconel filler metal 52 (I-52). Pure argon gas (99.9%) was conducted for shielding. The composition of I-52 and the process parameters applied during the GTAW welding process are shown in Tables 3 and 4 , respectively.'' Microstructural analysis samples were prepared using a mechanical polishing process followed by electrolytic etching at 6V DC for 12-20 seconds in a reagent of 70 ml H 3 PO 4 + 30 ml H 2 O. The microstructural observations and compositional analysis were performed using a FieldEmission Scanning Electron Microscope (Philips XL-40FEG SEM) equipped with an Energy Dispersive X-ray Spectrometer (EDS).
Foils were thinned by dipping them in an electrolytic solution of 10% HClO 4 and 90% alcohol (C 2 H 5 OH) at a temperature of À10 C. Microstructural analyses of the precipitates in the fusion zone were performed using carbon extraction replicas made using an extraction replication technique. 19) The microstructural analysis was performed using a Transmission Electron Microscopy (Philips Tecnai The corrosion resistance of the weldments was evaluated using a modified Huey test, in which samples extracted from the weldments were mechanically polished and then etched in a solution of 65% nitric acid (HNO 3 ) + 0.1% hydrofluoric acid (HF) at a temperature of 117 C for four hours. The etched sample surfaces were then examined using a SEM to investigate the corrosion resistance properties. Figure 1 shows the optical microstructure of the asreceived Alloy 690 base metal. The microstructure consists primarily of single austenitic phase, but also includes some annealing twins formed during heat treatment and a small amount of rectangular-like TiN precipitates. Figure 2 presents a microstructural and compositional analysis of grain boundary in the Alloy 690 base metal. Figure 2 (a) shows the presence of discontinuous oval-like chromium carbide precipitates at the grain boundary. The TEM SADP and EELS analysis results presented in Figs. 2(a) and 2(c) respectively, show these precipitates to be Cr 23 C 6 . The diffraction pattern is well indexed as the precipitates with a lattice parameter of 1.06 nm. The EDS compositional analysis presented in Fig. 2(d) show that the Cr 23 C 6 precipitates have relatively high chromium content, but are low in nickel and iron. Kai et al. have the same finding presented in the literature. [20] [21] [22] Figure 2 (b) shows that the chromium content at the grain boundary is still maintained at around 29 mass-%. No evident chromium-depleted zone is found around the grain boundary. Figure 3 shows the optical microstructure of the SUS 304L SS base metal. As shown in the figure, the microstructure is characterized by an austenitic phase with delta-ferrite (-ferrite) particles aligned in parallel chain-like structures. Figure 4 presents SEM micrographs of the microstructure and precipitates in the HAZ of the EBW weldment and in the Alloy 690 base metal as well. Precipitates with different size are formed according to their on site locations. Comparing Figs. 4(a) and 4(b), for instance, the chromium carbide precipitates at the grain boundary in the HAZ are smaller than those in the base metal. Further investigation reveal that precipitates in HAZ but closer to the fusion zone are smaller than those away from fusion zone since they are undergone a higher temperature during the welding process. On site of near fusion zone in HAZ, carbide precipitates in grain boundary are disappeared as shown in Fig. 4(c) . The disappearance of these precipitates could be accounted by the following high cooling speed. This is due to carbide precipitates were completely dissolved as a result of the greater welding heat. Besides, since the rapid cooling rate in the EBW process, the precipitates in the fusion zone did not have sufficient time to be precipitate. Figure 4(d) shows the presence of many -ferrite in HAZ near the fusion line in the SUS 304L SS. It is a consequence of the lower welding heat and higher cooling rate of the EBW process. David indicated in his publication that insufficient time exists in the EBW process for the -ferrite to transform into -austenite, and hence chromium-rich and nickel-depleted -ferrite particles remain in the matrix following cooling.
Results and Discussion
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3.3 Microstructure in fusion zone Figure 5 presents SEM images of the precipitates in fusion zone of the EBW weldment. Two different precipitates can be identified. The EDS analysis results reveal that the precipitates formed near the fusion line in the fusion zone with somewhat rectangular or rounded rectangular shape (see Figs. 5(a) and 5(b)) are TiN. The presence of these precipitates in fusion zone is due in part to the fact that the region remains at a high temperature for only a short time as a result of the high cooling rate in the EBW process. Furthermore, TiN precipitates have a high melting point (i.e. 1950 C). Consequently, these precipitates are either not dissolved at all (as shown in Fig. 5(b) ) or are only partially dissolved (as shown in Fig. 5(a) ). In addition to TiN, Fig. 5 also shows the formation of Cr-Ni rich phase in the form of particle precipitate in the interdendritic region. Comparing the cap and root regions of the weldment, shown in Figs. 5(c) and 5(d), it is seen that both the size and the number of the interdendritic precipitates reduce in the root region. This result is to be expected since the cooling rate is higher in the root region of the weldment. As a result, the time for which the root area remains at a high temperature is shorter and hence the solidification time is reduced.
The TEM micrograph of TiN with rectangular shape is shown in Fig. 6 . The TiN in the fusion zone are significantly smaller than those near the fusion line. Figure 6 Figure 7 shows that the TEM analysis of Cr-Ni rich phase. The EDS analysis results presented in Fig. 7 (c) reveal that these precipitates consist predominantly of chromium (45.51 masss-%) and nickel (35.79 masss-%). The composition of this Cr-Ni rich phase is different from that of the Cr 23 C 6 phase identified in the as-delivered Alloy 690 base Fig. 7(d) ) are also different from those of the Cr 23 C 6 phase. These oval precipitates are most likely new precipitates formed during solidification process. Since the Cr-Ni rich phases are quite small, their formation is unlikely to result any chromium depletion in the fusion zone. Instead, it is far from abundant which on the other side reduces the risk of severe interdendritic corrosion susceptibility.
The TEM mapping results presented in Fig. 8 show the formation of Cr-Ni rich phases adjacent to the TiN precipitates. The co-formation of these two phases is quite popular in fusion zone. Since the melting point of TiN is higher than that of the Cr-Ni rich phases, the TiN precipitates are formed first at high temperature during the cooling process. These TiN precipitates then provide nuclei for the subsequent formation of the neighboring Cr-Ni rich precipitates. 3.4 Corrosion resistance 3.4.1 Correlation between composition of fusion zone, precipitates and corrosion resistance The SEM micrographs presented in Fig. 9 show the surface morphology of the EBW weldment after the modified Huey test. Corrosion resistance of the fusion zone varies from ort to ort, depends on the influence of the compositional dilution from the base metal. Region near Alloy 690 side has better corrosion resistance, followed by center region of the fusion zone. Region near 304L SS side has the worst corrosion resistance, as shown in Figs. 9(a), 9(b) and 9(c). This trend is in good accordance with the varied chromium content of the weldment and confirms a previous report that a higher chromium content favors the ability to resist corrosion. 10) Figures 9(b) and 9(e) show that the pitting corrosion in the cap region of the fusion zone is more severe than that in the root. It is correlated to the cooling rate. Root region in fusion zone has a faster cooling rate than cap region which results less precipitates to form. Consequently, the root has a better corrosion resistance than the cap. Similarly, since the HAZ near Alloy 690 base metal side has fewer chromium carbides at the grain boundary (Fig. 4(b) ), the pits formed in this region are both smaller in size and fewer in number than those formed in the Alloy 690 base metal itself, micrograph in Figs. 9(a) and 9(d) are the evidence. By contrast, HAZ of 304L SS side and 304L SS reveal a much more severe corrosion since there is a large number of -ferrite particles formed which speeds the corrosion (Fig. 9(c) and 9(f) ). Figure 10 presents the SEM images of the surfaces of the various precipitates according to their on site location of the EBW weldment after the modified Huey test. As indicated by the white arrows in Figs. 10(a) and 10(b) , corrosion occurs primarily in the matrix around the TiN precipitates and the Cr-Ni rich phase, respectively. Pitting corrosion also takes place in the matrix around the chromium carbide at the grain boundary in the Alloy 690 HAZ (Fig. 10(c) ) and in the matrix around the -ferrite particles in the SUS 304L SS HAZ (Fig. 10(d) ). The pitting corrosion observed in the weldment is the result of the compositional difference between the precipitates and the matrix. This compositional difference leads to a disparity in the electrochemical potentials of the precipitates and the matrix, respectively, which in turn prompts galvanic corrosion. 25, 26) Once the periphery of the precipitate has been fully corroded, it drops out of the matrix, resulting in the formation of a surface pit. 27) Clearly, therefore, the interdendritic corrosion resistance of the fusion zone is fundamentally dependent on the size and volume fraction of the precipitates.
The number of TiN and Cr-Ni rich phase precipitates in the interdendritic region of the current Alloy 690-SUS 304L SS dissimilar weldments is quite low. Moreover, the average size of these precipitates is very small (i.e. in the nm range). Therefore, the corrosion pits are relatively few in number and small in size. As a result, the fusion zone has favorable interdendritic corrosion resistance properties. However, due to the rapid cooling rate in the EBW process, the -ferrite in the SUS 304L SS HAZ has insufficient time to dissolve in the matrix. Furthermore, the proportion of the various alloy elements in the -ferrite differs from that in the matrix and hence a disparity exists in the electrochemical potentials of the -ferrite and the matrix, respectively. This disparity prompts preferential corrosion at the matrix around theferrite in SUS 304L HAZ, as shown in Fig. 10(d) .
Comparison of corrosion resistance of fusion zone
in EBW and GTAW weldments Comparing the welding parameters in Tables 2 and 4 , it is observed that the total heat input during the GTAW process (7.83 kJÁmm À1 ) is much higher than that input during the EBW process (0.026 kJÁmm À1 ). Figure 11 (a) shows the presence of rectangular chromium rich carbide precipitates at the grain boundary in the fusion zone of the GTAW weldment. The TEM diffraction pattern is well indexed as that the precipitates are Cr 7 C 3 . The presence of these precipitates is the consequence of the high number of welding passes in the GTAW process (i.e. a high total heat input) and the slow cooling rate. The formation of these chromium rich carbide precipitates causes a chromiumdepletion zone near the grain boundary and therefore reduces the intergranular corrosion resistance of the GTAW fusion zone. By contrast, the high cooling rate of the EBW process suppresses the precipitation of chromium carbide at the grain boundary, as shown in Fig. 11(b) . Hence, Fig. 11(c) shows that the chromium content at the grain boundary varies between 28.79 mass-% and 32.82 mass-% of the EBW fusion zone. The chromium-depletion zones are not formed near the grain boundary in the fusion zone of the EBW weldment. Therefore, as shown in Fig. 11(c) , the minimum chromium concentration at the grain boundary in the fusion zone of the EBW weldment (28.79 mass-%) is higher than that in the GTAW weldment (23.87 mass-%) and consequently the EBW weldment has an improved intergranular corrosion resistance. Figure 12(a) shows that the GTAW weldment contains a mixture of chromium carbide precipitates with an irregular shape and TiN phases with a rectangular shape. Comparing Figs. 12(a) and 12(b) , it is seen that the precipitates in the GTAW weldment are greater in number than that in the EBW weldment and the TiN precipitates in the GTAW weldment are larger in size than that in the EBW weldment. Again, this is a consequence of the higher heat input during the GTAW welding process and the slower cooling rate. Figure 13 presents micrographs of the cap and root regions of the GTAW and EBW weldments after the modified Huey test. Of the two weldments, it can be seen that the GTAW fusion zone has more severe pitting corrosion and shows clear signs of corrosion cracking. In other words, the intergranular corrosion and interdendritic corrosion resistance of the EBW fusion zone is superior to that of the GTAW fusion zone. This observation is consistent with the findings presented above regarding the microstructures of the two weldments, namely that the precipitates formed in the EBW weldments are both fewer in number and smaller in size than those in the GTAW weldments, and the chromium concentration at the grain boundary in the fusion zone of the EBW weldment is greater than that in the fusion zone of the GTAW weldment.
Conclusions
(1) The interdendritic region in the fusion zone of the EBW weldment contains predominantly TiN precipitates and Cr-Ni rich phases. The TiN precipitates originate from the Alloy 690 base metal, while the Cr-Ni rich phases are a new precipitate formation precipitated in the region surrounding the TiN phase during the solidification process. (2) The results of the modified Huey test reveal that the matrix around TiN precipitate and the Cr-Ni rich phase precipitate in the interdendritic region of the fusion zone of the EBW weldments act as preferential sites for corrosion pit initiation. Besides, as the cooling speed of EBW is faster than that of GTAW, the precipitates in the EBW weldment are fewer in number than that in the GTAW weldment and the TiN precipitates in the EBW weldment are smaller in size than that in the GTAW weldment. (3) During the EBW process, the rapid solidification in the fusion zone suppresses the formation of chromium-rich carbides at the grain boundary. The EDS analysis results reveal that the chromium content at the grain boundary varies from 28.79 mass-% and 32.82 mass-%. These results indicated that a chromium depletion zone is not formed at the grain boundary and hence the effects of intergranular corrosion are suppressed. (4) The interdendritic precipitates formed in the fusion zone of the GTAW weldment are greater in number than those formed in the fusion zone of the EBW weldments. Furthermore, the chromium content at the grain boundary in the fusion zone of the GTAW weldments is lower than that in the fusion zone of the EBW weldments. Consequently, the GTAW weldments have a significantly lower intergranular corrosion and interdendritic corrosion resistance than their EBW counterparts.
